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1. Introduction {#s0005}
===============

Thermo-nuclear weapons of the fission--fusion--fission type ("Teller--Ulam design") produce ^236^U via neutron capture on ^235^U and (*n*,3*n*) on ^238^U in the final stage, when the fast neutrons from the fusion are employed to fission uranium in the so-called tamper. The anthropogenic input of ^236^U is significantly larger than the ambient natural ^236^U expected from cosmogenic and nucleogenic production ([@bib30; @bib32]).

Uranium has an oceanic residence time of 0.3--0.5 million years ([@bib5; @bib14]) -- due to the uranyl carbonate ion which forms under oxic conditions -- and strongly correlates to salinity ([@bib10; @bib26]). This is the basis of the conservative behavior of uranium in the oceans and a good basis for using ^236^U as an oceanic tracer.

Although in terms of abundance ^236^U is one of the most prominent anthropogenic radionuclides dispersed by nuclear weapons testing until recently it has eluded detection from this source ([@bib30]). ^236^U has been measured routinely for nuclear safeguards and national security applications ([@bib6; @bib7; @bib21; @bib22; @bib23]), but only with significant advances in the techniques of measurement ([@bib4; @bib17; @bib27; @bib28; @bib33; @bib37; @bib39; @bib40]) has it been possible to conduct first studies on global fall-out ^236^U in ocean water samples ([@bib11; @bib29]).

What makes ^236^U particularly interesting as oceanic tracer is the existence of reliable geological archives in the form of coral cores: since corals build uranium into their aragonite skeleton at a level of 2--4 ppm by substitution of uranium for calcium in the lattice, they are an ideal archive to trace the input of ^236^U by nuclear testing and further ^236^U evolution in the ocean. In this study we have applied this principle to the study of the input and evolution of bomb-pulse ^236^U in the oceans.

2. Samples and methods {#s0010}
======================

2.1. The HMF-1 coral core {#s0015}
-------------------------

The coral core labeled HMF-1 (species Montastraea faveolata) was sampled at a depth of 6 m on the fore-reef off the eastern coast of Turneffe Atoll, Belize (17°18′25″N, 87°48′04″W) in the Caribbean Sea. It was taken in 2006, and has been previously analyzed for trace elements ([@bib9]). The coral core revealed a well-defined annual banding structure by X-ray and stretches back more than 100 years ([Fig. 1](#f0005){ref-type="fig"}). The stratigraphy has been cross-dated with other cores from the region using standard dendrochronological methods ([@bib18]; [@bib42]). We sub-sampled on a year-by-year basis from 1944 to 2006, but took multiyear samples for the pre-nuclear period in order to improve the detection limit, which depends on the sample mass of uranium.

2.2. Sample preparation {#s0020}
-----------------------

Based on the X-ray image, one half-core was sliced year by year along the approximate banding structure, with typical slices weighing 4 g. Samples were cleaned mechanically and followed by several ultrasonic cleaning steps, including one in a 1:1 mixture of 30% H~2~O~2~ and 1% NaOH to hydrolyze organics, followed by an ultrasonic bath in 0.15 M HNO~3~ to remove potential surface contaminants (∼10% material loss). For 4 samples this cleaning solution was preserved and analyzed for ^236^U/^238^U. Results are in agreement within statistics with those from the cleaned bulk.

For uranium extraction, the cleaned CaCO~3~ was disolved in HCl (suprapur, previously passed through an UTEVA column) after adding ^233^U spike (IRMM-58 in-house diluted, 1.12·10^9^ atoms of ^233^U for each sample). 2--3 mg of iron carrier was added and U coprecipitated with iron hydroxide. The iron carriers used were Goodfellow 99.99+% high purity iron for most of the samples and later in the project a *p.a.* iron reagent (Merck) supposedly from the pre-nuclear era was tested, with the same result for blank levels.

The precipitate was redisolved in 3 M HNO~3~ and loaded onto an in-house prepared UTEVA column. Elution steps of 3 M HNO~3~, 9 M HCl, and 5 M HCl with 0.05 M oxalic acid separated uranium from contaminants. U was eluted with 0.2 M HCl. 3 mg of iron carrier was added and once again precipitated. The iron hydroxide matrix was oxidized in air (900 °C) and pressed into sputter cathodes for AMS analysis.

Several procedural blanks were prepared. Also, since there was sample material from before 1945, we had effectively full chemistry blanks as well. Typically, 1--2 counts per hour were seen on the procedural blank targets with targets lasting between 3--5 h. This seems to be independent of the total amount of uranium in the targets (for details see Supplementary [Fig. S1](#s0065){ref-type="fn"}). For the older part of the core, several years were sampled together in order to increase the amount of U per sample and thus improve the detection limit.

2.3. AMS measurements of ^236^U {#s0025}
-------------------------------

The AMS measurements were carried out at the Vienna Environmental Research Accelerator (VERA). In AMS, the interference of molecules is removed by selecting a sufficiently high charge state (5+ in the case of the ^236^U measurements) which does not allow for stable molecules. Highly-resolving electrostatic and magnetostatic analyzers are combined to deal with potentially interfering products from molecular break-up. At VERA the low energy side consists of an electrostatic analyzer and a bending magnet.([@bib33]) The high energy side comprises a Wien Filter, the main analyzing magnet, a high resolution electrostatic analyzer (specifically added to the setup for heavy ion AMS), and a switching magnet. A time-of-flight (ToF) spectrometer is available for reliable particle identification followed by a Bragg-type ionization chamber.([@bib33]) For the measurements presented, the ToF was only used on a few samples for checking that there is no non-^236^U background in the ^236^U bin of the Bragg detector spectrum. Results from measurements from the same sample with and without the ToF agreed within uncertainties. Therefore, the use of the ToF detector, which in our present setup lowers the overall efficiency by a factor of 5, was omitted for most of the measurements presented. The measurements using the ToF are still valuable in that they confirm that the seen blank levels are actual ^236^U counts (from picked up ambient ^236^U) and not machine background from other scattered ion species.

The total record is the combined result of several measurement series with some samples carried over for quality control purposes. Several hours of measurement on each sample were required to accumulate significant statistics. The results given in this paper are blank-corrected using the overall blank value from procedural blanks. For this correction, the average number of blank ^236^U counts per ^233^U spike count on the procedural blanks was used.

The measurement is relative to our Vienna-KkU standard which has been determined to (6.98±0.32)×10^−11^, as a result of an intercomparison ([@bib33]). Reproducibility was tested for two categories: (a) inter beam-time reproducibility by carrying over already measured samples to other beam-times and (b) sampling and preparation reproducibility by duplicates separately sampled from the other halves or overlapping sections of the core. We find reduced Chi-squares of 1.50 (for 12 cathodes carried over), and 1.20 (for 8 pairs of samples) for these categories, respectively. The Chi-square for inter beam-time variability would point to a contribution to uncertainty of about 6% independent of counting statistics. The Chi-square for sampling and preparation still has a 29% probability of being random chance.

The uncertainties we give for the ^236^U/^238^U ratios are the combined result of counting statistics on the sample and on the standard, inter-run scatter of the samples and the standard, and the blank correction.

3. Results and discussion {#s0030}
=========================

In the coral core record, we see an increase of ^236^U from 1953 to 1963, a sharp drop from 1964 to 1972, followed by a relatively slow decline until today ([Fig. 2](#f0010){ref-type="fig"}). The shape of the record can be explained by three main effects, which work simultaneously at all times, but each of them dominating the qualitative picture for a certain period: (1) the input of ^236^U by the global stratospheric fall-out from bomb-testing which is mostly responsible for the features during the increasing time period; (2) the drop from 1964 to 1972 is dominated by transport of southern hemispheric surface water into the Caribbean, displacing water masses exposed to the more intense northern hemispheric fall-out; and (3) ^236^U is transported to greater depth by turbulent diffusion.

From the pre-nuclear test (earlier than 1945) samples we can give a conservative experimental upper limit of 4×10^−12^ for the pre-anthropogenic level of the ^236^U/^238^U isotopic ratio in ocean water ([Table 1](#t0005){ref-type="table"}). This still represents a detection limit, though, since the actual pre-anthropogenic level is expected to be in the 10^−13^ to 10^−14^ range.

3.1. Modeling the ^236^U record {#s0035}
-------------------------------

Unlike tracers distributed in gaseous form (e.g. Chloro-Fluoro-Carbons, ^14^C) ^236^U has a strong local variation in fall-out intensity and oceanic uptake. While this complicates the picture in interpreting the data, it also offers opportunities, particularly helping to estimate water mass transfer between northern and southern hemisphere.

With regard to fall-out function, we expect that the situation is comparable with ^137^Cs, except for the presence of additional contributions to ^137^Cs from fission device fall-out.

The global fall-out function ([Fig. 3](#f0015){ref-type="fig"}) was calculated by adapting the semi-empirical model of the 2000 UNSCEAR report ([@bib36]). Only a subset of nuclear tests contribute to the production of globally dispersed ^236^U: thermonuclear devices that display high fission yields from the uranium tamper by neutrons from the fusion stage. In absence of better information, the fission yield (in Mt TNT equivalent) of these devices can be used as a proxy for the ^236^U production. The fission yield of these devices stems almost exclusively from the fission of the uranium tamper by the neutrons released from the fusion last stage. These are the same key ingredients as for the production of ^236^U although the relative efficiency for fission versus ^236^U production may still vary depending on design.

From [Table 1](#t0005){ref-type="table"} of the Annex C of the 2000 UNSCEAR report we obtain a fission yield of 143 Mt TNT equivalent injected into the stratosphere by these devices. The fall-out model indicates that by the end of 1964 more than 80% of all bomb-produced ^236^U had already been deposited on the earth\'s surface. Such a spike, if confirmed, could also be a useful time marker for dating purposes.

The water masses in the Caribbean from which our coral precipitated the uranium into its aragonite skeleton predominantly originate from the southern hemisphere, transported via the Southern Equatorial Current (SEC), the North Brazil Current (NBC), and the Antilles Current (AC) to the Caribbean Sea ([Fig. 4](#f0020){ref-type="fig"}). Fall-out in the southern hemisphere is significantly lower in intensity than in the northern hemisphere. This means that only in the period of on-going tests (1952 to 1963) is there a strong contribution of northern hemispheric fall-out, which was introduced after the water masses had already arrived north of the Intertropical Convergence Zone (ITCZ). The fall-out intensity declines from peak fall-out with a time constant of ∼8 months (as can be discerned from [Fig. 3](#f0015){ref-type="fig"}), if seasonal effects are removed, which is of the same order as the average travel (10 months) of Caribbean current eddies from the Lesser Antilles to the Yucatan as suggested by ([@bib43]). After the atmospheric test ban was implemented, the effect of on-going northern hemispheric addition becomes negligible and over time the ^236^U/^238^U ratio changes to southern hemisphere levels, by ^236^U transported by ocean currents.

To take into account the dynamics of the ocean transport combined with the location dependency of fall-out, we model a water body which stretches from the southern hemisphere to the sampling site, and moves at a constant speed (advection-only) in that direction (for details see [Appendix A](#s0060){ref-type="sec"} and [Fig. 5](#f0025){ref-type="fig"}). The water body is topped by a mixed layer of 100 m, and Fickian diffusion is assumed for vertical transport. The chosen mixed layer depth corresponds to the layer of water which has been in contact with the surface at some point over the course of one year looking back ([@bib12; @bib20]).

A location-dependent fall-out intensity (fall-out per unit area) modifier accounts for the latitude and rainfall dependence of the fall-out in our model. In absence of specific data on ^236^U, we anchor the fall-out intensity over the South Atlantic to available ^137^Cs data and models of ^137^Cs fall-out ([@bib2]). A ratio of 0.36 of South Atlantic fall-out intensity to global average (stratospheric) fall-out intensity is assumed in the model. Over the South Atlantic both ^137^Cs and ^236^U can be expected to be entirely from thermo-nuclear devices, however in the total fall-out over the planet we have to discount the contribution (a 8% correction) from fission devices to relate ^137^Cs to ^236^U.

The ratio between Caribbean fall-out intensity to the northern hemispheric average was assumed as 0.57 for best fit, giving a ratio of 2.58 between the Caribbean and the South Atlantic end-member. The Aoyama evaluation of ^137^Cs data ([@bib2]) suggests a significantly higher value for the latter number, a ratio of 9 if the grid value closest to the location of our core is selected. However, the Caribbean end-member would then depend on one grid value in a rather coarse grid. Averaging over the next neighbors for this grid point yields a factor of 3.6 between the Caribbean and South Atlantic fall-out intensities, which is close to our adjusted value.

Corals do not build their skeleton only on their outmost surface, but aragonite formation is rather spread over the full thickness of the still living organic layer ([@bib3]). In our model, we accounted for that with an averaged 6 month time-lag: a triangular distribution peaking at 12 months was used to represent each coral year. This is in line with an estimate of the organics layer at the top of the core and gives a good fit to the data. Due to the size of the coral pieces required (4 g), there is also an uncertainty associated with the slicing of our sample. We do not expect this to exceed 3 months.

3.2. The input of ^236^U into the ocean {#s0040}
---------------------------------------

The features of the modeled fall-out function are reflected in our ^236^U/^238^U record: The so-called moratorium period from autumn 1958 to autumn 1961 shows up as a hiatus in the increase of ^236^U from coral years 1958 to 1960. ^236^U has a typical atmospheric residence time of up to one year, depending on season and the location of the specific test. Our fall-out model for ^236^U and the coral record are in good agreement regarding the atmospheric residence time.

Using our model, we can also obtain the amount of ^236^U dispersed globally by nuclear weapons testing from the coral data. The contribution the HMF-1 core sees from local fall-out of ^236^U is negligible. Thus we assume exclusively stratospheric fall-out and find a production of 7.4±1.6 kg ^236^U per Megaton TNT fission yield of a thermo-nuclear device. This translates to a global dispersion of 1060 kg ^236^U as stratospheric fall-out. In addition, we expect a rather significant local contribution of about 240 kg to the equatorial Pacific by US testing. This input should be visible in coral cores of the region and may also show up in oceanic ^236^U concentrations.

The conversion of test yields in kt to kilograms of ^236^U emerges naturally via the amplitude from fitting the model curve to the measured ^236^U/^238^U ratios over the years 1952 to 1980. For the assumption about the effective mixed layer depth, we assume an uncertainty (∼15%) which directly affects the yield-to-fallout conversion factor and thus the estimated total fall-out. The other main contribution to the uncertainty comes from the spatial fallout intensity modulator. From the ^137^Cs data of [@bib2]) we can estimate this contribution to be 15% as well. As these two are independent the total uncertainty from these factors is 22%.

Our determination of the total ^236^U fall-out is in agreement with the estimate of 900 kg by [@bib30]), which was derived from measured ^236^U/^239^Pu ratios of global fall-out in soil samples, and somewhat lower than the estimate of 2100 kg by [@bib11] based on two ^236^U profiles from the equatorial Atlantic.

3.3. Evolution of ^236^U in the ocean {#s0045}
-------------------------------------

From the first, steeper decline after the bomb-pulse we can derive the effective time of transit from the ITCZ to the Caribbean. Our simple model fits best with an effective transit time of 10 yr. It is difficult to obtain this result from average water velocities, because the real flow pattern is more complex, particularly because of recirculation due to the North Equatorial Counter Current (NECC) and the Equatorial Undercurrent (EUC). An assumed single trajectory from the Angola Basin via the SEC, and the NBC to Turneffe atoll in the Caribbean Sea has a path length of 1.2×10^7^ m ([Fig. 4](#f0020){ref-type="fig"}). That would make the typical net velocity 0.04 m/s, but up to 0.06 m/s if the additional path due to recirculation via the NECC/EUC is considered. The OSCAR ([@bib25]) long-term average suggests an average of 0.20 m/s for the East to West transport in the SEC, and about the same for the NBC and the AC. However, these velocities do not represent the average velocity of the mixed layer. The Stramma and England evaluation ([@bib34]) of the World Ocean Circulation Experiment suggests a somewhat lower velocity (∼0.05 m/s) and different vectors at 90 m depth for the region of the SEC. The discrepancies between our estimated numbers and data from current meters are not atypical for tracer studies. ([@bib38]) Given that our simple model does not consider lateral mixing and diffusion, the transit time estimated from the coral core is roughly in agreement with these mean velocities.

The vertical diffusion coefficient dominates the decrease of the ^236^U level after ca. 1973, which is surprisingly slow. If diffusion really is the only effective process, the corresponding diffusion coefficient would be ∼0.1 cm^2^/s. While this is reasonable for open ocean isopycnal diffusivities, it is interesting that the basin-wide effective transport of water masses to depth is that slow. An alternative explanation, not taken into account by our simple model, could be leakage of northern hemispheric waters into the South Atlantic via the Agulhas Current, which has been suggested based on ^137^Cs observations in South Atlantic surface waters ([@bib1; @bib31; @bib35]). This effect would take some decades to be seen, since the fall-out over the Indian Ocean is not much higher than the fall-out over the South Atlantic and the transit time from the Pacific via the Indian Ocean is roughly two decades ([@bib1; @bib31; @bib35]). Since this is not taken into account in our model and could explain deviation from the measured ^236^U/^238^U ratio from 1995 onwards. The most recent levels of ^236^U found in the coral agree with the result of [@bib11]) for a surface ocean water sample from the equatorial Atlantic (2°5′45.127″N, 41°7′0.307″W, corresponding to the nSEC) collected in 2010 by the [@bib19]) cruise PE321, but is significantly below surface water samples from the northern hemisphere ([@bib15; @bib16; @bib29]).

The case regarding coral records that can be made for ^236^U also applies to ^90^Sr and some studies on coral records of this isotope have been published ([@bib41]; [@bib44]; [@bib46]). This makes it an interesting isotope to compare with given its present level also originates from nuclear testing, although the ^90^Sr will also have a contribution from fission-only devices. Therefore such records are also more likely to be affected by local fall-out from low-yield devices if they are located near test-sites.

The study by Toggweiler and Trumbore includes several coral records from locations in the Pacific and the Indian Ocean. The record of a coral core from Oahu, an unambiguously northern hemispheric location, shows a pronounced fall-out peak for the band centring on the year 1964 and a subsequent fall (similar to our ^236^U record) in the ^90^Sr levels until 1979, where the record ends. This is compared with records from the equatorial and southern hemispheric records, which stay flat (perhaps rise slightly) after the peak fall-out. Toggweiler and Trumbmore interpret this as the result of inter-gyre exchange between the relevant Pacific current systems. This is similar to our argument for the shape of our record after the fall-out peak, which is based on the pronounced cross-equatorial western boundary current in the Atlantic.

4. Conclusions {#s0050}
==============

Using our cutting-edge heavy isotope AMS-system we measured the first ever yearly resolved coral record for ^236^U from bomb-fallout. From this record we could confirm that this fall-out on a global scale follows a model adapted from existing models for other isotopes. Applying these models we have determined the total fall-out of ^236^U to 1300 kg (with an estimated uncertainty of 20%) of which we attribute 1060 kg to the global stratospheric fall-out.

We could exploit the differential between northern and southern hemispheric fall-out to extract a transit time estimate from the core, demonstrating the use of ^236^U as a tracer for ocean water. This principle could be applied to coral cores from other suitable locations. The anticipated large local contribution in the Pacific and the availability of suitable corals could be another interesting opportunity for this tracer [Table 2](#t0010){ref-type="table"}.

One problem associated with ^236^U as a global oceanic tracer is that during the time of peak fall-out this isotope could not be measured. Therefore localized fall-out is not as constrained as, for example, for ^137^Cs. However, a future combined approach of using time resolved ^236^U coral core data, ^236^U data from ocean water sampling, and global fall-out data (corrected for fission device contribution) on elements which behave similar to uranium in fall-out (e.g. plutonium, cesium) should overcome this obstacle. As a bonus coral core data of ^236^U may also add value to existing data on ^137^Cs and ^90^Sr in ocean water.

Appendix A. Formulae and model description {#s0060}
==========================================

Separate northern (*f*~*N*′~(*t*)) and southern (*f*~*s*′~(*t*)) hemispheric stratospheric fall-out functions are calculated with the box model as shown in the [@bib36] report. These function give the kt yield per hemisphere and unit time at any given time *t*. Only the stratospheric input of fission yield from thermonuclear devices was used. The resulting fall-out functions with monthly resolution are shown in [Fig. 3](#f0015){ref-type="fig"}, however with inclusion of the yield to ^236^U production conversion factor which is determined as the result of the model.

The total stratospheric fall-out with the above restrictions is 114.20 Mt for the northern and 26.84 Mt for the southern hemisphere, a ratio of 4.25:1 between the hemispheres.

Within the hemispheres there is considerable variation of the fall-out intensity depending on rainfall and latitude. We use available ^137^Cs data and models of ^137^Cs fall-out ([@bib2]) to account for this. We use a south Atlantic end-member of fall-out intensity *f*~*SA*~ defined as follows:$$f_{SA} = c_{1}f_{S}\prime\left( t \right)\cdots 0.95$$where *c*~1~ is the conversion to fallout per unit area and the factor of 0.95 the fall-out intensity over the South Atlantic between latitudes of 10°S to 40°S compared to the average fall-out intensity for the southern hemisphere from the UNSCEAR Model.

Similarly we define an end-member for the Caribbean fall-out as:$$f_{CAR} = c_{1}f_{N}\prime\left( t \right)a_{1}$$where *a*~1~ is the relative fall-out intensity of the of the Caribbean compared to the northern hemispheric fall-out intensity. This value was adjusted for best fit to 0.57. Estimating a value from the coarse fall-out grid for ^137^Cs from ([@bib2]) seems problematic. At the grid point closest to the location of the HMF-1 core the value would actually be 1.12. However the high fall-out total for 15°N 85°W seems to be quite an outlier to adjacent grid points. Averaging over nine grid points gives (15°N 85°W and the 8 surrounding ones) would put this factor to 0.49. The fitted value lies between these limits.

The assumed input into the mixed layer at time *t* for water masses travelling from a region in the South Atlantic arriving at the location of the coral core at time *t*~1~ is$$\begin{matrix}
{f\left( t \right) = \left( 1 - t/T \right)f_{SA}\left( t \right) + \left( t/T \right)f_{CAR}\left( t \right)} & {t > t_{0},T\ldots transit time} \\
{f_{SA}\left( t \right)} & {t \leq t_{0}} \\
\end{matrix}$$with *t*~0~=*t*~1~−*T*, the moment when northern hemispheric fall-out begins to gain influence. (In reality this has also a seasonal component due to the annual cycle of the ITCZ.) Linear interpolation over time is used between the South Atlantic and the Caribbean end-member. The time *T* was the second parameter that was adjusted for fitting to the data. Independent of the other fitting parameters a *T* of 10±1 years seems to be required to explain the measured peak shape within the framework this model.

Vertical diffusion was taken into account implementing Fick\'s law in an 11 layered model with an ocean of 5000 m of depth. The layer thickness was increased with depth as the bigger gradients in ^236^U concentration will be in the top layers. The impact of salinity or temperature gradients was not considered. The change in top layer ^236^U concentration can finally be written as:$$dC_{0}/dt = f\left( t \right)/h_{MLD} + F_{0}\left( t \right))$$with$$F_{0}\left( t \right) = 2D_{v}\left( C_{1}–C_{0} \right)/\left( h_{0} + h_{1} \right)$$where *D*~*v*~ is the diffusion constant, *C*~0~ and *C*~1~ the concentrations in the top and the next deeper layer, *h*~0~ and *h*~1~ are the thickness of the respective layers (both 100 m, further layers 100 m, 200 m, 300 m, 400 m, 500 m, 600 m, 700 m, 900 m, 1200 m), and *h*~*MLD*~ is the mixed layer depth for which we used 100 m. A *D*~*v*~ of 0.1 cm^2^/s seems to fit the data well until 1995. Lower values have difficulty matching the period from 1975 to 1995.

The uranium that will be built into the coral core at a given time *t*~1~ in our model has been advected from the south Atlantic with a ^236^U concentration of$$C\left( t_{1} \right) = \int_{t_{n}}^{t_{1}}\left( \frac{dC}{dt} \right)dt$$where *t*~*n*~ is beginning of nuclear testing.

What was ultimately measured, is the isotope ratio of ^236^U to ^238^U. In order to convert assumptions about the average ^238^U concentration in surface waters have to be made. We used a uniform value of 3.4 ng/l in line with the U-salintiy relationship of [@bib26] and a salinity of 35 psu.

To emulate a coral slice ^236^U in seawater has to be averaged. The coral slice model used has already been described in [Section 3.1](#s0035){ref-type="sec"}.

Appendix A. Supplementary materials {#s0070}
===================================
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![The coral core HMF-1 under X-ray: a well-defined stratigraphy going back 100 years. The prominent dense double band in the piece in the upper left corner marks the years 1998 and 1999, when the colony was stressed by both exceptionally high sea surface temperatures (due to the 1998 El Nino) and Hurricane Mitch ([@bib8]).](gr1){#f0005}

![The ^236^U/^238^U record from the HMF-1 coral core compared to our simple model: the ^236^U/^238^U data is shown with associated error bars for the isotope ratio (1*σ*) and the timing uncertainty for the coral slices (total range estimate); the model is shown as a black line interpolated between the calculated points.](gr2){#f0010}

![Global stratospheric ^236^U fall-out in kg/month. Northern (solid) and southern (dashed) hemispheric fall-out from testing of thermonuclear devices are shown separately. This is a new version of the model presented in the [@bib36] report, adapted to gauge ^236^U production from these tests. The initial output of the model is actually in terms kt TNT equivalent fission yield, which has been converted to kg of ^236^U using our conversion factor (7.4 kg per Mt TNT equivalent) derived from the ^236^U/^238^U ratios in the coral core record. The fall-out model indicates that by the end of 1964 more than 80% of all bomb-produced ^236^U had already been deposited on the earth\'s surface.](gr3){#f0015}

![Surface currents of the South Atlantic and the location of coral core HMF-1. Shown are the approximate locations of the South Equatorial Current (SEC) with the southern (sSEC), central (cSEC), and northern (nSEC) branch; the South Equatorial Counter Current (SECC); the Equatorial Undercurrent (EUC); the North Equatorial Counter Current (NECC); the north equatorial current (NEC) and the North Brazil Current (NBC).([@bib45]) The cross-hair marks the location of our coral core. The solid line marks the shortest plausible trajectory from the central South Atlantic to the Caribbean Sea.](gr4){#f0020}

![Sketch of the model depicting the flux of ^236^U between the boxes. The fall-out is separated into a Caribbean ("northern") and a south Atlantic ("southern") fall-out which accumulates in the mixed layer until the water arrives at the location of our coral core. During transit from the south Atlantic to the coral core some ^236^U is lost to the ocean interior due to diffusion.](gr5){#f0025}

###### 

^236^U/^238^U ratios for large pre-nuclear age samples.

  Coral years   Dry mass   ^236^U/^238^U (×10^−12^)   Corresponding blank value (×10^−12^)
  ------------- ---------- -------------------------- --------------------------------------
                \(g\)                                 
                                                      
  1905--1911    71         3.3±0.6                    2.8±1.6
  1929--1938    63         5.2±1.5                    3.7±2.1
  1939--1943    37         8.0±2.3                    4.4±2.5

The ^236^U/^238^U values shown are not corrected for chemistry procedural blank levels. The 4^th^ column shows the corresponding blank level value, which is undistinguishable from the measured values for these samples. 1σ-errors are given.

###### 

^236^U/^238^U data for coral core HMF-1.

  Sample         Coral year   Dry mass   ^236^U/^238^U (×10^−9^)
  -------------- ------------ ---------- -------------------------
                              \(g\)      
                                         
  HMF-1-1944B4   1944         3.33       \<0.01
  HMF-1-1945B4   1945         2.35       \<0.02
  HMF-1-1946B4   1946         1.45       \<0.03
  HMF-1-1947B4   1947         1.28       \<0.04
  HMF-1-1948B4   1948         1.31       0.09±0.04
  HMF-1-1949B3   1949         2.24       \<0.03
  HMF-1-1950B3   1950         3.74       0.03±0.01
  HMF-1-1951B3   1951         3.89       0.06±0.02
  HMF-1-1952B3   1952         3.69       0.07±0.02
  HMF-1-1953B3   1953         3.93       0.12±0.02
  HMF-1-1954B3   1954         4.30       0.22±0.03
  HMF-1-1955B3   1955         3.36       0.32±0.04
  HMF-1-1956B3   1956         3.32       0.26±0.03
  HMF-1-1957B3   1957         3.98       0.35±0.05
  HMF-1-1958B3   1958         3.35       0.65±0.05
  HMF-1-1959B3   1959         3.31       0.60±0.07
  HMF-1-1960B3   1960         3.85       0.60±0.03
  HMF-1-1961B3   1961         4.14       0.92±0.05
  HMF-1-1962B3   1962         4.12       1.46±0.06
  HMF-1-1963B2   1963         2.38       1.73±0.07
  HMF-1-1964B3   1964         2.06       1.84±0.08
  HMF-1-1965B2   1965         5.21       1.75±0.06
  HMF-1-1966B2   1966         3.75       1.56±0.08
  HMF-1-1967B2   1967         4.85       1.36±0.06
  HMF-1-1968B2   1968         4.48       1.38±0.03
  HMF-1-1969B2   1969         3.20       1.16±0.06
  HMF-1-1970B2   1970         3.98       1.27±0.05
  HMF-1-1971B2   1971         4.10       1.21±0.04
  HMF-1-1972B2   1972         4.99       0.92±0.07
  HMF-1-1973B2   1973         5.14       0.86±0.05
  HMF-1-1974B2   1974         4.59       0.86±0.05
  HMF-1-1975B2   1975         4.86       0.88±0.05
  HMF-1-1976B2   1976         5.23       0.79±0.09
  HMF-1-1977B2   1977         4.24       0.83±0.06
  HMF-1-1978B2   1978         3.47       0.79±0.06
  HMF-1-1979B2   1979         3.96       0.71±0.05
  HMF-1-1980B2   1980         4.38       0.93±0.08
  HMF-1-1981B2   1981         2.85       0.87±0.06
  HMF-1-1982B2   1982         5.83       0.70±0.06
  HMF-1-1983B2   1983         5.63       0.64±0.06
  HMF-1-1984B2   1984         4.60       0.86±0.05
  HMF-1-1985B2   1985         4.12       0.77±0.06
  HMF-1-1986B2   1986         3.03       0.69±0.08
  HMF-1-1987B2   1987         3.85       0.72±0.12
  HMF-1-1988B2   1988         4.57       0.77±0.06
  HMF-1-1989B2   1989         3.76       0.73±0.05
  HMF-1-1990B2   1990         4.95       0.75±0.06
  HMF-1-1991B2   1991         5.67       0.67±0.04
  HMF-1-1992B2   1992         1.90       0.67±0.07
  HMF-1-1993B1   1993         4.02       0.68±0.05
  HMF-1-1994B1   1994         3.03       0.70±0.04
  HMF-1-1995B1   1995         3.97       0.73±0.03
  HMF-1-1996B1   1996         4.38       0.67±0.04
  HMF-1-1997B1   1997         3.65       0.70±0.03
  HMF-1-1998B1   1998         4.21       0.70±0.03
  HMF-1-2000B1   1999--2000   2.55       0.69±0.05
  HMF-1-2001B1   2001         3.33       0.67±0.07
  HMF-1-2002B1   2002         3.07       0.64±0.06
  HMF-1-2003B1   2003         3.38       0.72±0.08
  HMF-1-2004B1   2004         4.39       0.63±0.05
  HMF-1-2005B1   2005         4.49       0.73±0.04
  HMF-1-2006B1   2006         2.67       0.74±0.12

1*σ*-errors are given.
